Abstract-Several methods have been used to estimate regional scale evapotranspiration from satellite thermal infrared measurements.
I. INTRODUCTION D
URING the last 10 years s . ubstantial pro�ress has oc curred in the use of satellIte data to estimate evapo transpiration over large areas . Improved numerical models [3] , [4J, [23] , [24] and field experimentation have lead to procedures of reasonable accuracy and generality for the description of moist surfaces of varying types. These methods may be applied, at least in principle, to satellite observations over the entire earth, yielding data required for input to general circulation models as well as for im proved descriptions of the earth's atmosphere at the me soscale [22] . Although the land surface is quite nonuni form at the 50-200-km scale of description used in forecast models, a procedure developed for aggregating results derived from subareas in a heterogeneous region can produce parameterized values appropriate for input to such models [13] . Thus the problem might appear to be solved.
At present, methods of analysis assume that values are known for surface roughness, albedo, and emissivity, plus canopy parameters for vegetated areas. This assumption applies to small experimental data sets for case studies, where reasonable estimates or measurements are feasible. However, the assumption is unsatisfactory for many re gions, where detailed knowledge is either unavailable, or else the surface is too variable in time and space for the information to be commonly available. This applies for many temperate regions which receive moderate rainfall, i.e., the regions of human habitation. In these areas sur face conditions continually change according to agricul tural practices, industrial uses, clearing and burning, re forestation, etc. Furthermore, the appropriate sensor for global studies, the advanced very high resolution radi ometer (AVHRR) which acquires l.l-km data at nadir, lacks adequate spatial resolution to resolve most fields, especially when the larger picture elements from off nadir viewing are considered. In principle this is not a problem, if detailed information regarding surface properties within each measured area is available. Existing analysis meth ods for thermal infrared data describe the surface energy and moisture fluxes, given local ground parameters [4] , [14] , [30] . Thus analysis at small scales followed by ag gregation of results from each field or surface type would appear to provide a solution.
In fact, this procedure is not generally applicable, as even the high spatial resolution satellites, Landsat and SPOT, do not provide adequate coverage frequency Lo monitor vegetation changes, and hence, evapotranspira tion, in view of the likelihood of cloud cover . Also such an approach would be prohi bitively expensive.
Figs . 1 and 2 illustrate the problem. These Landsat im ages, representing surface temperature and vegetation in dex, show that variability in agricultural areas is com monlv at a scale of 100's of meters, rather than the 1 �km scale -of A VHRR data . However, Landsat overpasses oc cur only at 16-day intervals. Considering cloud cover, the interval between observations becomes on the order of 1-2 mo, which is inadequate for the desired purpose. In addition the mid-morning timing of Landsat observations is less than optimum for estimating moisture conditions from the thermal infrared data [16] , while SPOT does not carry a thern1al IR channel. On the other hand, it is clear that aggregation of Landsat data to the A VHRR scale would result in multiple surface types for each A VHRR data point . While it is possible to sum results for surface energy fluxes over subareas with known properties, th . e inverse problem, to describe accurately the evapotranspi ration within each A VHRR data point without specific knowledge of the associated physical parameters, is gen erally insoluble. It is this problem which we address, bas-U.S. Government work not protected by U.S. copyright ing a statistical approach on the man-induced and natural variability typical of most areas. The approach illustrates the need for a reference data base or "geobased infor mation system" to support the statistical method.
If we consider the surfacc of the earth, we may partition it, roughly speaking, into water, snow, and ice, which have known moderately constant properties (except temperature), mountains, deserts, forest, and tundra, which are complex and not well described, but at least are rela tively uniform on a spatial scale of lO's of kilometers, and the narrow strips in the temperate latitudes which are dominated by agriculture. Although these latter areas ap pear to be negligible in the description of global weather and climate, two factors raise their importance signifi cantly: I) the global supply of food and fiber has social and political implications, making an accurate description desirable, and 2) a major part of the area is subject to considerable rainfall variations, including drought, which can have implications for the surface-atmosphere inter action if these variations are prolonged. Thus mid-latitude rainfall and vegetation conditions arc sensitive indicators of climate, as well as affecting the evolution of the earth atmosphere system through proposed feedback mecha nisms [6] . grid spacing) is discussed in the conclusion in Section IV.
II. ELEMENTS OF THE SURI'ACE ENERGY AND MOISTURE BALANCE
The fluxes of energy, momentum, and moisture at the earth's surface are influenced both by meteorological con ditions and by the physical state of the surface itself. Some surface variables may be inferred from remote sensing.
A. Surface Temperature and Emitted Radiation
Surface temperature is a major indicator of the parti tioning of energy at the earth's surface through its effect on latent and sensible heat fl ux to the atmosphere, sensi ble heat flux into the ground, and radiation to the atmo sphere and space. Satellite thermal infrared measurements have been used for many years for estimation of global sea surface temperatures. However, the estimation of land surface temperatures extends the range of temperatures well above those of water, and variability of surface emissivity represents an additional complication. In this paper we use the formula of Price [15] , which was shown to be consistent with both the empirically derived sea surface temperature relationship and with radiative trans fer theory: 
C. Vegetation Index
The presence or absence of vegetation causes signifi cant differences in surface energy and moisture fluxes.
Vegetation can cxtract watcr from significant depths, e.g., NDVI has the undesirable property that thc value com puted does not satisfy the associative property for area measurements, being affected by the spatial resolution of the measuring instrument. Thus in gencral,
where A and B are contiguous areas. The discrepancy oc curs when the spatial inhomogeneity of the area is large.
This follows from the fact that NDVI is a ratio. Thus mented experimental data is needed [5] .
A. Procedure
We must allow for variability of the surface conditions and a mixture of surface types within each area corrc sponding to a satellite measurement. We consider each area to be comprised of a mixture of a vegetated area and an area of bare soil and/or dead vegetation. The properties of the individual components may not be accessible in the data, and thc suitability of the analysis must be verified from the data itself. We shall compute the values obtained from the "mixed pixels" or heterogeneous measurement areas, using the notation of Section II. Thus for measure ments with mixed surface types, the satellite measured radiance is given by Ea = a" + a g
and we write the nor malized difference vegetation index at a point p in the form (henceforth, we abbreviate NDVI to V):
where Vp is the remotely obtained value of the vegetation index. From Fig. 3 we see that the satellite data tend to overestimate the vegetation index for an inhomogenous area as compared to a uniform vegetation density. This effect is marginally noticeable in the data which are dis cussed later.
In the A VHRR thermal infrared channels 4 and 5 we approximate the satellite measured radiance by EaT"', with n'A ==: 4.5 for the 10-12 /Lm spectral interval. Then we may use (2) to estimate surface temperature, and for a modest temperature range, e.g. 20°-40°C within a res olution element, we write
where T p is the apparent temperature, representing a weighted sum of values from vegetation and soil. On ex amination of typical data sets one fi nds a clear tendency for more vegetated areas to be cooler than nonvegetated areas. For such cases, and provided that the area in ques tion is nonuniform, we relate V and Ts by forming the ratio, i.e.:
wherc the ratio may be obtained from a regression of V on T, or by plotting a two-dimensional scattergram of the data. The correlation coefficient provides a guide as to the applicability of the method. We note that the ratio retains the factor j, indicating that the slope is not precisely con stant. In evaluation of real data this is unimportant, as the basic assumptions do not hold exactly. In particular, the breakdown of the associative property discussed earlier implies a di1ference between a uniform area of constant 
B. Application to a Satellite Data Set
The data set discussed here [15] has the desirable prop erty of representing a very large relatively cloud-free area at a time of considerable regional variability in moisture conditions. This was associated with large spatial differ ences in rainfall in the mid-west U. S. during the summer of Conventional data [29] show that soil moisture conditions were generally adequate closer to the Gulf coast at the lower right, becoming drier inland toward the upper left. The visual association of temperature with vegetation in dex is confirmed by a two-dimensional scattergram (Fig.  6 ). We note from the fi gure that the range of values does not extend from purely bare soil (V "" 0.1 ) to total veg etation cover (V = 0.6 ). However, it is evident that we may extrapolate a linear fit to obtain estimates T,. = 30°C and Tg = 64°C for the two cover types. For these data the regression line is given by
The correlation between the temperature and vegetation index for such heterogeneous areas provides the basis for the method developed here. We do not derive a value for evapotranspiration for this case because a nearby area re quires consideration of surface soil moisture variation as well as vegetation cover.
The second area considered is in the state of Nebraska. At the date of the satellite data acquisition, Nebraska had some areas of adequate soil moisture and other areas of drought. An appreciation for the spatial variability may be gained from Figs. 7 and 8. The regions in the upper left and lower right of the vegetation index image repre sent irrigated areas along the North Platte river. Compar ison of the images shows the expected association of a high temperature, low vegetation index. However, Fig. 8 shows that a substantial portion of the total nonvegetated area is cool (dark) relative to other areas which are also not vegetated. Such diffuse patterns are common in sat ellite thermal infrared data, being caused by either moist surface conditions or lower apparent temperatures due to cirrus clouds. This latter possibility is discussed later. In this example we associate the cooler pattern with in creased surface moisture in the soil and stubble remaining from harvested winter wheat. During the 1981 summer season this area was affected by spotty rainfall, as de- this range corresponds to the dark-to-bright variation in the nonvegetated areas in Fig. 8; i.e., to a range of soil 
where II + 12 + 13 = I. The solution for a fraction!; may be verifi ed by inspection:
i,j;f::. k= I,2,3.
The moisture flux at a location with temperature and veg etation index values Tp, Vp, is given by LE(Tp, Vp) =.h ' LE(dry soil) + 12 . LE(moist soil)
where the LE values on the right are from a numerical simulation which predicts observed temperature as a func tion of surface parameters, including albedo, moisture availability, etc., plus necessary meteorological data, such as surface wind, air temperature, and humidity. Surface weather observations from the North Platte were used in the computations. Table I provides the values assumed, measured from the satellite data ( Fig. 9) , or resulting from calculation, for the essential physical parameters. These parameters are the moisture availability, which is thc ratio of evaporation rate to potential evaporation, and the diur nal heat capacity = (Ope}.. )
I /2, a heat storing resistance related to 0, the earth's rotation rate, and p, e, and }.. , which are, respectively, the effective density, heat capac 
9.
Evidently a data base of regional properties is needed.
It is desirable to normalize the two-dimensional prob ability of observations at values T, V; i.e., we normalize the probability density:
Then the total evapotranspiration over the area is given as a summation, which may be expressed in the space of surface temperaturc Ts, and vegetation index V; i.e.:
Because LE (T" V) is a weighted sum of known values (12) , it is possible to relate the fi nal result to averages of the distribution P. Thus Table I should be derived from known param eterization of the surface characteristics. In addition many of the simplifications of this paper, including the details of the simulation model, should be dealt with for a more accurate description of surface processes.
C. Error Sources
There exist three independent sources of error in the present study. 
D. Discrimination of Moist Soil from Cirrus Clouds
Those familiar with satellite thennal infrared data will recognize that the darker blotchy areas in 
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